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A B S T R A C T  
The  use  of  m a g n e t i c  fields in  t he  e lect r ica l  cha rac t e r i za t ion  of  s e m i c o n d u c t o r  ma te r i a l s  is fami l ia r  to e v e r y o n e  in  t he  
fo rm of Hal l -effect  m e a s u r e m e n t s .  However ,  t h e r e  is a n o t h e r  magne t i c - f i e ld -based  p h e n o m e n o n ,  m a g n e t o r e s i s t a n c e  (MR), 
w h i c h  is h igh ly  use fu l  b u t  no t  nea r ly  so fami l ia r  to t he  ma jo r i t y  of workers .  One  of  t he  u n i q u e  fea tu res  of  MR measu re -  
m e n t s  is t he i r  app l icab i l i ty  to c o m m o n  dev ice  s t ruc tu res ,  in  par t icu lar ,  f ield-effect  t r ans i s to r s  (FETs) and  contac t -  
r e s i s t a n c e  pa t t e rns .  We will s h o w  h o w  c h a n n e l  mob i l i t y  i n f o r m a t i o n  can  be  e x t r a c t e d  f rom the  MR da ta  in  me ta l - s emicon -  
d u c t o r  FETs  (MESFETs)  a n d  m o d u l a t i o n - d o p e d  h e t e r o s t r u c t u r e  F E T s  (MODFETs) ,  a n d  also h o w  the  ma te r i a l  u n d e r  
o h m i c  con tac t s  c an  be  c o m p a r e d  w i th  t he  u n p r o c e s s e d  ma te r i a l  to  see  i f  a p p r e c i a b l e  c o n t a c t - e l e m e n t  d i f fus ion  has  oc- 
curred .  Final ly ,  we  will cons ide r  some  c o m m o n  p r o b l e m s  w h i c h  are o f ten  ove r looked  in  p e r f o r m i n g  s imp le  Hall-effect  
m e a s u r e m e n t s  on  t h i n  s t ruc tures .  S o m e  use fu l  fo rmulas  a n d  p lo ts  are  p r e sen t ed .  
Magne t i c  fields h a v e  b e e n  a pa r t  of  me ta l  a n d  semicon-  
d u c t o r  cha rac t e r i za t i on  for m a n y  years ,  at  leas t  s ince  1879 
w h e n  E. H. Hal l  m a d e  his  f a m o u s  d i scove ry  of  w h a t  we 
n o w  k n o w  as t he  "Hall  ef fect"  (1). In  w h a t  m u s t  b e  re- 
g a r d e d  as a c lassic  u n d e r s t a t e m e n t ,  Hal l  s u g g e s t e d  t h a t  "a  
m o r e  c o m p l e t e  a n d  accu ra t e  s tudy  of  t he  p h e n o m e n o n  wil l  
p r o b a b l y  o c c u p y  m e  for some  m o n t h s  to come ."  Indeed ,  i t  
h a s  o c c u p i e d  t he  t i m e  of  a grea t  n u m b e r  of  r e sea rche r s  
s ince  t h e n  a n d  t h u s  wou ld  s e e m i n g l y  be  too  f ami l i a r . and  
m u n d a n e  a top ic  to be  w o r t h w h i l e  for  th i s  s y m p o s i u m .  
However ,  t h e r e  are  m a n y  aspec t s  of t he  Hal l  effect  w h i c h  
are no t  as fami l ia r  to t he  genera l  worker ,  a n d  yet  can  b e  
ve ry  i m p o r t a n t  for cha rac te r i za t ion  pu rposes .  We wil l  
br ief ly  d i scuss  severa l  of  t he se  a n d  will  also p r e s e n t  s o m e  
usefu l  f igures  a n d  f u r t h e r  re ferences .  B e c a u s e  so m u c h  
e m p h a s i s  is b e i n g  p laced  on  th in - layer  s t r u c t u r e s  t h e s e  
days,  we will  c o n c e n t r a t e  on  t h e  pa r t i cu la r  m e a s u r e m e n t  
p r o b l e m s  assoc ia ted  w i th  t h i n  layers.  
Bes ides  t h e  Hal l  effect, however ,  severa l  m o r e  r e c e n t  de-  
v e l o p m e n t s  i nvo lv ing  m a g n e t o r e s i s t a n c e  in dev ice  s t ruc-  
tu res  h a v e  p r o v e n  to be  of  use  in  s e m i c o n d u c t o r  charac-  
ter izat ion .  T h e  m a j o r  v i r t ue  of  t h e s e  n e w  t e c h n i q u e s  is t h a t  
t h e y ' c a n  give ma te r i a l s  p a r a m e t e r s  in  ac tua l  dev ice  s t ruc-  
tures .  In  par t icu lar ,  we will d i scuss  m a g n e t o r e s i s t a n c e  in  
M E S F E T s ,  MODFETs ,  a n d  con tac t - r e s i s t ance  t r a n s m i s -  
s ion- l ine -mode l  (TLM) pa t t e rns .  Our  p r i m e  e x a m p l e s  will  
b e  GaAs  a n d  A1GaAs/GaAs,  s ince  m u c h  of  t he  r e c e n t  mag-  
n e t o r e s i s t a n c e  work  has  i nvo lved  the se  mater ia l s ,  and  also 
s ince  t he  p r e s e n t  a u t h o r  is m o s t  fami l ia r  w i th  t h e s e  par t ic-  
u l a r  mater ia l s .  
The Hall Effect: Experiments in Bulk Materials 
W h e n  a s y s t e m  of e l ec t rons  in e q u i l i b r i u m  is p e r t u r b e d  
by  t he  app l i ca t i on  of  electr ic  a n d  m a g n e t i c  fields, colli- 
s iona l  forces  will a t t e m p t  to res to re  t he  s y s t e m  to equi l ib-  
r ium.  Fo r  m a n y  types  of s u c h  coll is ions,  th i s  r e s to ra t i on  
wil l  be  e x p o n e n t i a l  in  n a t u r e  w i t h  a cha rac t e r i s t i c  t i m e  
c o n s t a n t  ~, t he  " r e l axa t ion  t ime ."  Then ,  in  s imp le  i so t rop ic  
sys tems ,  t he  c u r r e n t  dens i t i e s  se t  u p  b y  t he  fields wil l  be  
g iven  b y  
Jx = ~xxEx + ~x~E~ [1] 
j~ = ~yxE= + ~ E y  [2] 
w h e r e  Ex a n d  E,  are t he  e lectr ic  field c o m p o n e n t s ,  and,  for  
an  n - type  s a m p l e  
ne2< ~ ) 
~xx = ~,, = ~ ~ + ~ [3] 
n e  2 tOc,F 2 
*Electrochemical Society Active Member. 
w h e r e  r ~ eB/m* is t he  cyc lo t ron  f r e q u e n c y  and  t he  o the r  
s y m b o l s  h a v e  t he i r  usua l  mean ings .  The  b r acke t s  d e n o t e  
an  ave rage  over  e l ec t ron  ene rgy  e def ined  by  
f(~)e3/2 ~ e  de 
(f(~)> - 
f :  e3/2 Ofo de 
3e 
[5] 
w h e r e  f0 is t he  e q u i l i b r i u m  F e r m i  func t ion .  We can  n o w  de- 
f ine the  q u a n t i t i e s  of  i n t e r e s t  for th i s  paper :  t he  Hal l  coef- 
ficient,  RH, t h e  Hal l  mobi l i ty ,  ~H, a n d  t he  geome t r i c  magne -  
t o r e s i s t a n c e  (GMR) mobi l i ty ,  ~GMR. 
T h e  Hal l  coeff ic ient  is m e a s u r e d  in a p r o t o t y p e  s t r u c t u r e  
s u c h  as t h a t  s h o w n  in  Fig. la,  t h e  "Hal l  bar ."  This  s t r u c t u r e  
is long  a n d  na r row,  a n d  t he  vol tage  contac t s ,  to m e a s u r e  Vc 
a n d  VH, are p laced  far f rom the  large-area  c u r r e n t  con tac t s  
on  t he  e n d s  of  t he  s a m p l e  in o rder  to avo id  vo l tage  shor t -  
ing  b y  the  c u r r e n t  contac ts .  Because  t he  vo l tage  con tac t s  
do no t  car ry  cur ren t ,  Jy = 0. The  Hal l  coeff ic ient  is t h e n  de- 
f ined  as 
A t B  = 0 
Ey 3Y = 0  _ _  1 ~x~ 
R H  =~ ~ x B  B (Txx 2 Jc (y 2 
xy 
[6] 
1 <~2> r 1 
RH -- -- -- [7] 
ne <~>2 ne nile 
w h e r e  r is t h e  "Hal l  fac tor"  a n d  nH is t he  "Hal l  concen t r a -  
t ion ,"  t he  c o n c e n t r a t i o n  ac tua l ly  m e a s u r e d  in  a Hal l  exper -  
iment .  The  q u a n t i t y  r u sua l ly  m u s t  be  ca lcu la ted  b y  f i t t ing 
W 




~ !H I-~ W 
T 
(a) (b) 
Fig. 1. (a) A standard Hall-bar configuration. (b) A geometric-mag- 
netoresistance configuration. 
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Fig. 2. The Hall r-factor at 77 K as a function of carrier concentra- 
tion n for two different compensation ratios. Here, N, is the ionized- 
impurity concentration. 
~H VS. T to a t heo re t i ca l  s ca t t e r ing  f o r m u l a  m a d e  u p  of  all 
c o n t r i b u t i o n s  to t he  sca t te r ing .  I f  ine las t ic  s ca t t e r i ng  is im- 
po r t an t ,  as is t he  case  in  GaAs  at r o o m  t e m p e r a t u r e ,  t h e n  
r ~ (~2)/(~)2, a n d  n u m e r i c a l  so lu t ions  of  the  B o l t z m a n n  
e q u a t i o n  m u s t  b e  ca r r ied  ou t  to  get  r. T h e  re su l t s  of  one  
s u c h  ca lcu la t ion  are s h o w n  in Fig. 2 for va r ious  va lues  of 
nH a n d  i on i zed - impur i t y  c o n c e n t r a t i o n  NI, a t  T = 77 K, an  
i m p o r t a n t  cha rac t e r i za t i on  t e m p e r a t u r e .  As is seen,  t he  re- 
l a t i o n s h i p  r = 1.2 _+ 0.2 e n c o m p a s s e s  nea r ly  all GaAs  mate -  
r ia l  a t  t h i s  t e m p e r a t u r e .  
To d e t e r m i n e  t h e  Hal l  mob i l i t y  IxH, we  m u s t  also p e r f o r m  
a c o n d u c t i v i t y  e x p e r i m e n t  
Jx Jy-o - -  (Txx2 -P O'xy2 
-~x~ E= ~=o 
~=o ne ~ (~) 
= ~=xE~ - - -  E~ = ne#E= [8] 
m $ 
w h e r e  ~x-= e(~}/m* is k n o w n  as the  " c o n d u c t i v i t y  mobi l -  
i ty." The  Hal l  mob i l i t y  is n o w  def ined  as 
r 
i.tH =-- RHC~ = -- - -  ne~t = - - ~  [9] 
ne 
With  r e s p e c t  to t he  s y m b o l s  in  Fig. la,  we ca lcu la te  nH a n d  
~H, a long  w i t h  t he  res i s t iv i ty  p, in  l abo ra to ry  un i t s  as 
2 1 
w d  Vc 
p - [lO] 
I 
108 VH e c m  2 
rLH - - -  [11] 
B(gauss)  V~ w V-s 
/ ( amp)  B(gauss)  
n H =  6.25 x 10 TM cm -3 [12] 
VH(volts) d(cm)  
w h e r e  d is t he  s a m p l e  t h i cknes s .  E q u a t i o n s  [11] a n d  [12] are  
s t r ic t ly  t r ue  on ly  for [F(m2/V-s) B (T)] 2 < <  1 or [~(cm2/V - 
s)B (G)] 2 < <  10 ~6, i f  t he  e l ec t rons  are n o n d e g e n e r a t e .  Typi-  
cally, B = 5 x 103G, so t h a t  low-B cond i t i ons  are  app l i cab l e  
as l ong  as ~ ~< 2 x i04 cm2/V-s. E v e n  for  h i g h e r  va lues  of  #B, 
Eq. [11] a n d  [12] are o f ten  a good  a p p r o x i m a t i o n .  
However ,  r a t h e r  t h a n  a Hal l -bar  s t ruc tu re ,  i t  is p r o b a b l y  
m o r e  c o m m o n  to use  one  of  t he  " v a n  de r  P a u w "  configu-  
r a t i ons  (2), s h o w n  in Fig. 3. In  th i s  case, i t  is n e c e s s a r y  to 
p e r m u t e  c u r r e n t  (i, j)  a n d  vo l tage  (k, l) leads  in  o rde r  to cal- 
cu la t e  p, IxH, and  nH as fol lows 
= -~d ~R21,34 + R32.41] 
P j f [13] 
d [_R3~,42 + R42,~3.] [14] 
RH = ~ 2 
w h e r e  R~j.ke --= VkJI~, and  f is a fac tor  due  to s h a p e  asym-  
met ry .  However ,  for  all t he  s t r u c t u r e s  in  Fig. 3, w h i c h  are  
s y m m e t r i c ,  f s h o u l d  equa l  un i ty ;  i f  i t  does  not ,  t he  ma te r i a l  
is p r o b a b l y  i n h o m o g e n e o u s .  In  o rde r  to ave rage  ou t  s o m e  
of  t he  spu r ious  emfs  w h i c h  can  in f luence  VH, it  is good  to 
ave rage  over  c u r r e n t  a n d  m a g n e t i c  fiel d polar i t ies .  
T h e r e  are  a d v a n t a g e s  a n d  d i s a d v a n t a g e s  to t h e  va r ious  
Hal l -bar  a n d  v a n  de r  P a u w  conf igu ra t ions  s h o w n  in  Fig. 3. 
Fo r  example ,  contac t -s ize  effects  are less i m p o r t a n t  in  (b) 
a n d  (d) t h a n  in (a) a n d  (c); however ,  (a) is obv ious ly  t he  eas- 
ies t  to fabr icate .  Cons ide r a t i ons  s u c h  as t h e s e  are dis- 
c u s s e d  in  deta i l  in  t he  books  b y  Wieder  (3) a n d  L o o k  (4). 
Hal l  m e a s u r e m e n t s  in t h i n f i l m s . - - I t  is of  i n t e r e s t  to  m e n -  
t ion  he re  t w o  effects  w h i c h  can  b e  i m p o r t a n t  in  th in- f i lm 
Hal l  m e a s u r e m e n t s  b u t  are  of ten  ignored .  The  first is cur- 
r e n t  s h u n t i n g  due  to s u b s t r a t e  conduc t ion .  S u p p o s e  t he  
s u b s t r a t e  is l03 t imes  as t h i c k  as t he  c o n d u c t i v e  layer  i t  
suppo r t s ;  t hen ,  for  t he  s u b s t r a t e  to  c o n d u c t  less  t h a n  1% of  
t he  to ta l  cu r ren t ,  i t  m u s t  h a v e  a res i s t iv i ty  at  leas t  10 ~ t i m e s  
t h a t  of  the  layer.  This  effect  c an  b e  quan t i f i ed  as fol lows (5) 
~d~ + ~ede d~/p~ + de/pe 
p-1 = ~ _ _ [15] 
d~ + de d~ + de 
RHe~e2de + RH~2ds  [16] 
FH = IRH(TI = credo. + ~sd~ 
w h e r e  t h e  s u b s c r i p t s  s a n d  ~ re fe r  to  t he  s u b s t r a t e  a n d  
layer,  respect ive ly .  As  an  example ;  s u p p o s e  we are  meas-  
u r i n g  a pure ,  p - type  GaAs  layer  on  a n  n- type,  semi- insu la t -  
ing  (SI) subs t r a t e ;  t h e n  
PeP'pe2d~ -- nsp'ns2ds I 
~H . . . . .  [17] 
I pdxpede + nstxn~d~ 
The  typ ica l  n u m b e r s  m i g h t  be: ns = 107 cm 3, Pe = 10 ~3 
c m  3, ~ = 8 • 103 cm2/V-s, ~pe = 4 • 102 cm2/V-s, a n d  d~ = 
500 ~m. Then ,  un le s s  de > 0.2 ixm, t he  layer  will  " a p p e a r "  to 
b e  n - type  r a t h e r  t h a n  p-type.  E v e n  at  de = 2 ~m, t he  meas-  
u r e d  mob i l i t y  wil l  be  s igni f icant ly  l owered  b e c a u s e  of  the  
n - type  c o n t r i b u t i o n  to RH f rom the  subs t ra te .  I f  dep l e t i on  
effects  (see below) are c o n s i d e r e d ,  t he  ef fec t ive  de is e v e n  
9 " I q  ! ! 
3 ( a )  4 
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( c )  ( d )  
Fig. 3. Four common patterns used for van der Pauw resistivity end 
Hall-effect: (a) square, (b) Greek cross, (c} circle, and (d) cloverleaf. 
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lower .  At  h i g h e r  t e m p e r a t u r e s ,  t he  effect  wil l  also be  m o r e  
severe ,  s ince  n inc reases  r ap id ly  in S I  GaAs. T h e s e  s a m e  
p r o b l e m s  occu r  in  Si, a n d  are  po ten t i a l ly  worse ,  s ince  Si 
does  no t  h a v e  a s emi - in su l a t ing  fo rm to give as good  a sub-  
s trate.  
A n o t h e r  p r o b l e m  in  t h i n  s t r u c t u r e s  is sur face  a n d  in ter -  
face dep l e t i on  (6). C o n s i d e r  t he  b a n d  d i a g r a m  s h o w n  in  
Fig. 4, for  an  n - type  layer  on  SI  GaAs.  T he  reg ions  in  w h i c h  
t he  b a n d s  b e n d  u p w a r d  are dep l e t ed  of  f ree  e l ec t rons  a n d  
t h u s  car ry  n o  cur ren t .  (In Fig. 4 it is a s s u m e d  t he  f ree  car- 
r ie rs  dep l e t ed  f rom n e a r  t he  in te r face  are all a c c o m m o -  
d a t e d  at  in t e r face  states,  no t  s u b s t r a t e  s tates.  Th i s  a s s u m p -  
t ion  is of ten  t rue ,  b u t  no t  always.) T he  "e lec t r ica l  
t h i c k n e s s , "  w h i c h  is the  t h i c k n e s s  to be  u s e d  in  t he  RH a n d  
(r fo rmulas ,  is g iven  b y  
[ 2: ],,= 
d ~  = de - w ,  - w i  = de - L e ( N ~  - NA)J 
~ . ~ / - -  W {77K) 
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Fig. 5. Total depletion width w = w, + w~ as a function of carrier 
concentration n at 77 and 296 K. 
w h e r e  9 is t h e  s ta t ic  d ie lec t r ic  c o n s t a n t s  (1.1431 x 10 -'0 F /m 
in GaAs),  ND a n d  NA are t h e  d o n o r  a n d  aeeep to r  concen t r a -  
t ions ,  respec t ive ly ,  a n d  t he  va r ious  po t en t i a l s  are  def ined  
in  Fig. 4. Ana ly t i ca l  e x p r e s s i o n s  can  b e  g i v e n  for  ~ ,  4~e, 
a n d  ~s~, b u t  i t  is p e r h a p s  m o r e  use fu l  to s h o w  plo ts  of  
to = w~ + w~, w h i c h  are p r e s e n t e d  in Fig. 5 for GaAs.  Note  
t h a t  a 1 ~ m  layer  of  10 ~s c m  -a GaAs  w o u l d  no t  c o n d u c t  any  
c u r r e n t  at  all (w~ + wi > de). E v e n  a typ ica l  O.1 ~ m  F E T  
layer,  w i t h  n = 2 • 10 '7 c m  -3, m u s t  b e  co r rec t ed  for  de- 
p l e t i on  to get  t he  p r o p e r  va lues  of  n a n d  p. Fo r tuna t e ly ,  
howeve r ,  ~ is i n d e p e n d e n t  of  t h i c k n e s s  a n d  will  no t  b e  af- 
fected.  
T e m p e r a t u r e  d e p e n d e n c e . - - S o  far, we  h a v e  ba re ly  
s c r a t c h e d  t he  sur face  of  w h a t  is ava i l ab le  w i t h  t he  Hall- 
effect  t e c h n i q u e .  B e y o n d  b e i n g  a use fu l  genera l  charac-  
t e r i za t ion  tool, i t  is also one  o f  t h e  b e s t  ways  to get  re l iab le  
ac t i va t i on  energ ies  (more  so t h a n  DLTS,  w h i c h  can  h a v e  
i n t e r f e r e n c e  f rom the  c a p t u r e  c ross -sec t iona l  e n e r g y  de-  
p e n d e n c e )  a n d  one  of  t he  on ly  ways  to get  d o n o r  a n d  ac- 
cep to r  concen t r a t i ons .  T he  p r o c e d u r e  for do ing  this ,  w i t h  
m a x i m u m  accuracy ,  first  i nvo lves  f ind ing  t he  Hal l - fac tor  r, 
as follows: 
1. M e a s u r e  R H  a n d  ~ vs. T. 
2. Ini t ial ly,  let  r = 1 for  all T; i.e., n(1) = (eRH) -1. 
3. Le t  ~(~)= ~ = IR~]. T h e n  fit ~ to  t he  to ta l  theore t i -  
cal s c a t t e r i n g  e x p r e s s i o n  b y  an  a p p r o p r i a t e  n u m e r i c a l  
t e c h n i q u e .  Fo r  t he  f ree-carr ier  s c r e e n i n g  te rms ,  espec ia l ly  
in  t h e  i on i zed - impur i t y  s ca t t e r ing  formula ,  le t  n = n(~). De- 
t e r m i n e  t he  i on i zed - i m pur i t y  c o n c e n t r a t i o n  N~, a n d  per-  
h a p s  o t h e r  u n d e t e r m i n e d  cons t an t s ,  b y  t he  fit. 
4. Wi th  t he  va r ious  s ca t t e r ing  s t r e n g t h s  n o w  k n o w n ,  to  
first  order ,  c o m p u t e  r(~), e i the r  b y  the  f o r m u l a  r = (~2)/(~>~, 
or by  a m o r e  s o p h i s t i c a t e d  n u m e r i c a l  t e c h n i q u e  i f  re- 
qu i red .  
5. Now let  n(2) = r(~)/eRH, ~(~) = ~s/r(,), a n d  f ind a n e w  N~ 
b y  t h e  mob i l i t y  fit. 
6. Go to s tep  4, f ind a n e w  r [i.e., r(2)], etc. Usual ly ,  no  
m o r e  t h a n  two  to t h r ee  i t e ra t ions  are  necessary .  
Once  t he  r ' s  are f o u n d  for  e ach  t e m p e r a t u r e ,  t h e n  the  
t r ue  n ' s  c a n  b e  ca lcu la ted  a n d  t h e  c h a r g e - b a l a n c e  e q u a t i o n  
I - n-GaAs ~ I ,  Sl GaAs 
I ,, d~ t 
Fig. 4. Conduction-band energy diagram showing s,,rface and inter- 
face depletion effects. The effective electrical thickness is given by 
deft, 
m a y  be  fitted. For  n o n d e g e n e r a t e ,  n - type  ma te r i a l  the  ap- 
p r o p r i a t e  e q u a t i o n  is 
ND 
n + N A  n e t  - [19] 
1 +  [g~o 1--eN'r "~lj e EDr n--T~t2 
w h e r e  g, a n d  go are  t he  occup ied  a n d  u n o c c u p i e d  s ta te  de- 
generac ies ,  respect ive ly ,  N'r -= 2(2vm*k)312/h3, ED =- ( E D 0  - -  
~T) is t he  d o n o r  ac t iva t ion  e n e r g y  (a is the  t e m p e r a t u r e  co- 
efficient),  a n d  NA n't = NA (be low EF) -- ND (above  EF). The  
f i t t ing p a r a m e t e r s  are  ND, NA "r EDO, a n d  N'o(go/gl) exp  (~/k). 
For  t h i n  layers,  t he  ef fec t ive  e lec t r ica l  t h i c k n e s s e s  s h o u l d  
be  ca lcu la ted  b y  m e a n s  of  Fig. 5 or Eq.  [18]; o therwise ,  the  
da ta  at  h i g h e r  t e m p e r a t u r e s  m a y  b e  d i s t o r t ed  (7). 
G e o m e t r i c  Magnetores is tance:  Exper iments  on Devices 
Hall-effect  e x p e r i m e n t s  d e m a n d  a long,  n a r r o w  s a m p l e  
as s h o w n  in Fig. la .  A s a m p l e  w i t h  an  oppos i t e  a spec t  ra t io  
is s h o w n  in Fig. lb ,  a n d  it is c lear  t h a t  as t he  l e n g t h  C I> 0 
t h e  Hal l  field Ey will  b e  sho r t ed  ou t  by  t he  c u r r e n t  contac t s ,  
i.e., Ey -~  O. T h e n  Eq. [1] r e d u c e s  to a pa r t i cu la r ly  s imp le  
fo rm 
ne 2 / 9 \ 
Jx = ~x=E= = - -  { - - - )  Ex [20] 
E~=0 m* \ 1  + r 
a n d  for ~oc2T 2 < <  1 (or [~(m2/V-s)B(T)] 2 < <  1) 
9 ne 2 
J~ ~y=0 = ~ [(~> - r (~3)] = new [1 - ~GMR~2B2]Ex 
= new [1 - P~GMR2B2]Ex [21] 
w h e r e  ~ = e(~)/m* is j u s t  t he  fami l ia r  c o n d u c t i v i t y  mobi l -  
ity, a n d  ~GMR =-- <T3>/<~) ~ is t h e  geome t r i c  m a g n e t o r e -  
s i s t ance  coefficient .  Usual ly ,  we m e a s u r e  t he  c o n d u c t a n c e  
G =- Ix/V= = (wd /Om Then ,  f rom Eq. [21], we ca lcu la te  a 
ve ry  s imp le  a n d  usefu l  r e l a t i onsh ip  (8) 
- - -  - 1 - - 1 [ 2 2 ]  
~cr~a B(MKS) B(gauss)  
w h e r e  Go =- G(B = 0). For  d e g e n e r a t e  e lec t rons ,  Eq. [22] 
h o l d s  exac t ly  for a rb i t r a ry  ~B, as long  as q u a n t u m  effects  
are  negl ig ib le ;  also, in  t h a t  case, ~ G M R  : 1, SO ~LGM R : ~s For  
an  FET,  t he  e l ec t rons  are nea r ly  a lways  degenera te ,  e x c e p t  
nea r  pinch-off .  
Mobi l i t y  u n d e r  a n  ohmic  c o n t a c t . - - A  c o m m o n l y  u s e d  
p a t t e r n  for  m e a s u r i n g  t he  r e s i s t ance  of  p l a n a r  con tac t s  is 
s h o w n  in  Fig. 6. I t  is c lear  t h a t  t he  to ta l  r e s i s t ance  b e t w e e n  
two  con tac t s  s epa ra t ed  b y  ~ is 
e~ 
R = 2R0 + r~--  [23] 
W 
J. Electrochem. Soc., Vol .  137, No. 1, Janua ry  1990 9 The Electrochemical Society, Inc. 263 
F------H 
t' c s 
F.---I I z = l  





~'~'~ 2R c 
I I I I 
s ~2 ~3 /4 
/ §  
3 0 0  
~ "  2 O O  
1 0 0  
l(~m) 
0 5 1 0  
9 I . . . .  I . . . .  i 
MESFET / s = lS kG 
296K o 
o 9 kQ 
-1.- - - ~ - - ~  . . . . . . . . . .  
i i i I = i t i i 
0 o.~ 0.2 o3. 0.~ 
s 
3 O  
2 0  
1 0  
o 
Fig. 6. (a) A common test pattern (the "TLM" pattern) for contact- 
resistance measurements. (b) A schematic diagram of the expected 
total resistance R as a function of contact spacing s Here, Re is the 
contact resistance and r, is the sheet resistance of the material between 
the contacts. 
w h e r e  Rc is t h e  r e s i s t a n c e  due  to one  of  t he  con t ac t s  a n d  r~ 
is t h e  s h e e t  r e s i s t a n c e  of  t he  b u l k  ma te r i a l  b e t w e e n  t he  
con tac t s .  (The s u b s c r i p t  s will  d e n o t e  a shee t  r e s i s t a n c e  or 
s h e e t  ca r r i e r  concen t ra t ion . )  To f ind t h e  s h e e t  r e s i s t a n c e  R~ 
of  t h e  ma te r i a l  u n d e r  a con t ac t  r equ i r e s  a n  "end -  
r e s i s t a n c e "  m e a s u r e m e n t  (9) w h i c h  invo lves  a t h i r d  con-  
t a c t  a n d  is o f t en  diff icul t  to ca r ry  ou t  accura te ly .  By  t reat-  
ing  t h e  r eg ion  u n d e r  t h e  c o n t a c t  as a t r a n s m i s s i o n  line,  i t  
c an  be  s h o w n  t h a t  (10) 
Re - c a s h  ker - [24] 
w kec > >  1 w 
w h e r e  k 2 =- RJpc ,  a n d  Pc is t h e  specif ic  con t ac t  res i s t iv i ty  of  
t he  m e t a l / s e m i c o n d u c t o r  (M/S) barr ier .  E q u a t i o n  [24] in- 
vo lves  t he  shee t  r e s i s t a n c e  R~, no t  r~, b e c a u s e  t h e  c u r r e n t  
m u s t  f low u n d e r  pa r t  of  t he  con t ac t  a f te r  pas s ing  t h r o u g h  
t he  M/S barr ier .  However ,  un l e s s  we  k n o w  R~ we c a n n o t  
ca lcu la te  pc. 
To get  f u r t h e r  i n fo rma t ion ,  we can  a p p l y  a m a g n e t i c  
field. No te  t h a t  e ach  pa i r  of  con tac t s  in  Fig. 6 a p p e a r s  to 
h a v e  a G M R  conf igura t ion ,  as s h o w n  in Fig. la ,  as l ong  as 
w / e i  > >  1. I n  t h a t  case,  t he  field inc reases  each  shee t  
r e s i s t a n c e  a c c o r d i n g  to t he  r e l a t i ons h i p  R ( B )  = R(O) 
[1 -t- IJ.GMR2B2]. Since  n o r m a l l y  ~ ~ !, we  wil l  a s s u m e  t h a t  
~o~m = ~ for  p u r p o s e s  of  th i s  d i scuss ion .  Then ,  Eq. [23] a n d  
[24] lead to (11) 
R ( B )  = 2Re(B) + ~ i  r~(B) 
W 
= 2Rc0 (1 + Ixc2B2) I~ + ~ i  r~0 (1 + 1~2B 2) [25] 
W 
w h e r e  t~c a n d  ~ are, respec t ive ly ,  t he  inab i l i t i e s  of  t he  ma-  
te r ia l  u n d e r  t he  con t ac t s  a n d  b e t w e e n  t h e  con tac t s ,  a n d  t he  
s u b s c r i p t  0 d e n o t e s  a m e a s u r e m e n t  at  B = 0. No te  t h a t  
Rr  a n d  v~(B) can  b e  f o u n d  in the  usua l  way, as i l lus t ra ted  
in  Fig. 6b, a n d  t h e n  I~c can  b e  d e t e r m i n e d  f rom Rc2(B) vs .  B 2, 
a n d  ~ f rom r~(B). I f  t~r is m u c h  d i f f e ren t  t h a n  ~, t h e n  it  is 
o b v i o u s  t h a t  t he  c o n t a c t  f ab r i ca t i on  p roces s  ha s  a f fec ted  
t h e  ma te r i a l  u n d e r  t h e  contac t .  
To i l lus t ra te  t h e s e  ideas,  we s h o w  R vs .  ~i da ta  (Fig. 7a), 
a n d  Re 2 a n d  r~ vs .  B 2 da ta  (Fig. 7b) for a n  i o n - i m p l a n t e d  
2000 ~ ~ 
~ o 
1 5 0 0  
30 N" 
1 0 0 0  2 5  r r  
8 0 0  . i . . . .  I . . . .  I , , 2 0  
0 1 O 0  2 0 0  3 0 0  
B'(kG =) 
Fig. 7. (a) Actual plots of R vs. ~i (cf. Fig. 6) for GaAs MESFET mate- 
rial at three different magnetic fields, B. The bottom part of the figure 
is an expanded version of the region near the origin. Reproduced by 
permission of the IEEE. (b) The sheet resistance r, and the contact 
resistance squared Rc 2 vs. B 2 in GoAs MESFET material. These data 
were obtained from the slopes and intercepts of the lines in Fig. 7a as 
well as from data at two other magnetic fields, not shown in Fig. 7a to 
avoid clutter. Reproduced by permission of the IEEE. 
G a A s  M E S F E T  (11). The  s t r a igh t  l ines  s h o w  t h a t  t he  vari-  
ous  r e l a t i o n s h i p s  all h o l d  qu i t e  wel l  a n d  t h a t  t he  ca lcu la ted  
pa r ame te r s ,  s h o w n  be low,  are  t he r e fo re  p r o b a b l y  accu-  
rate:  rc =- R o w  = 0.29 ~ - m m ;  pc = 6.3 x 10 -7 ~-cm2; r~0 = 1.4 x 
103 ~ /R;  i~ = 4.3 x 103 cm2/V-s; ~c = 4.3 x 103 cm2/V-s. Thus ,  
~ = ~ in  th i s  case, a n d  t he r e fo re  c o n t a c t - e l e m e n t  d i f fus ion  
ha s  e v i d e n t l y  no t  grea t ly  a f fec ted  t he  ma te r i a l  u n d e r  t h e  
contact 9  T h e n  we can  a s s u m e  Rs = r~ a n d  ca lcu la te  Pc f rom 
Eq.  [24]. 
Actual ly ,  t he  T L M  tes t  pa t t e rn ,  Fig. 6a, is qu i t e  use fu l  in  
i ts  o w n  r igh t  ou t s ide  of  con t ac t - r e s i s t ance  s tudies ,  b e c a u s e  
it  s u b s t i t u t e s  for a Hal l -effect  m e a s u r e m e n t .  T h a t  is, we get  
rs0 a n d  t~ f rom the  ana lys i s  so t h a t  t he  shee t  car r ie r  concen -  
t r a t i on  ns c an  easi ly  b e  ca lcu la ted  f rom n~ = s = 1.1 
x 1012 c m  -3 in  the  a b o v e  example .  J u s t  as t he  Hal l -effect  
m e a s u r e m e n t  e l imina te s  paras i t ic  r e s i s t ance  effects  b y  
m e a s u r i n g  vo l tages  a t  con t ac t s  w h i c h  car ry  no  cu r ren t ,  so 
t he  m a g n e t o - T L M  m e a s u r e m e n t s  e l im ina t e  paras i t i c  re- 
s i s t ance  effects  b y  m e a s u r i n g  vo l tages  at  m o r e  t h a n  one  
pa i r  of  con tac t s .  No te  t h a t  t h e  Hal l  effect  is still  b e t t e r  for  
low mobi l i t i es ,  b e c a u s e  it  is f i rs t -order  in  ~B, w h e r e a s  t he  
G M R  effec t  is second-order .  
Final ly ,  we s h o u l d  m e n t i o n  t he  effects  of  n o t  h a v i n g  a 
pe r f ec t  G M R  condi t ion ,  s  ~ O. K u h r t  a n d  L i p p m a n n  (12) 
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have  shown that, for ~B and C/w <~ 0.4, the  res is tance can 
be  wr i t ten  
R(B) = R(0) [1 + ~2B2 (1 - 0.54~/w)] [26] 
Thus,  if  e/w <~ 0.2, an easily at tainable condit ion,  the cor- 
rect ion to ~ is less than  6%. 
Mobility profiles in FET structures.--By apply ing  a 
Schot tky-bar r ie r  gate  to a s emiconduc to r  surface, the  de- 
p le t ion wid th  wd under  the surface can be  control led  by 
the  vol tage VG on the  gate. I f  e(bB is the  M/S barr ier  energy,  
then  wd is g iven  in the  deple t ion  approx imat ion  by 
I2e(Vbi- V G -  kT/e) ]ll2 
wd = L- ~]~D -~N-~ [27] 
In Fig. 8, the values of wd are shown for two different 
values  of  V~. N o w  it can be shown that  Eq.  [22], wh ich  
gives only an average  value  of  ~, can be  modif ied  to give 
the  va lue  of  ~ at wd. The re levant  equa t ion  (13) is 
1 [AG0(VG) 111/2 ~[~(v~)] = ~ [ ~  [28] 
where  AG -= G(Va + AVe) - G(VG). Thus, by varying VG in 
steps of  AVG, it is possible  to profile I~ th rough the  layer. 
For  h ighly  conduc t ive  layers, unfor tunate ly ,  i t  is impossi-  
ble to profile over  large distances,  because  the  Scho t tky  
d iode  breaks  down. However ,  for typical  GaAs M E S F E T  
layers of  n = 2 • 1017 cm -3 and d = 0.1 - 0.2 ~m, there  is 
usual ly  no problem.  
One of  the  great  advantages  of  the measu remen t s  de- 
scr ibed  here  is that  they  can be pe r fo rmed  in actual  F E T  
structures ,  even  short-gate (ea ~< 1 ~m) structures.  How- 
ever,  in these  small  s t ructures  it becomes  difficult  to accu- 
rately measure  w~, because  that  is usual ly  done  wi th  a ca- 
pac i tance  m e a s u r e m e n t  
eA 
wd = [29] 
C 
where  A is the  effect ive gate  area, not  necessar i ly  equal  to 
the  actual  gate  area for a small  gate. Thus,  a large-gate or 
" F A T F E T "  device  is bet ter  for the  capaci tance  measure-  
ments .  
A p rob l em wi th  mobi l i ty  profi l ing in a M E S F E T  is that  
we  are deal ing wi th  a two- terminal  s t ructure  and thus  par- 
asitic res is tances  can be important ,  especial ly  under  open- 
channe l  condit ions.  There  are var ious ways to deal  wi th  
this problem,  bu t  the  c leanest  way  is to have  two or more  
FETs  of  different  gate lengths  bu t  ident ical  in every  other  
respect .  A special  test  s t ructure  known  as a ga ted-TLM 
pat tern  is shown in Fig. 9. Here  the total  parasit ic resist- 
ance  Rp be tween  two contacts  consists  of the contac t  
res is tances  and the  access resistances.  It  is clear that  
T ei: 
- e y G  
\ 
Ec (01 . _  
I I . . . . . .  EF 
0 W d (0) W d (VG) 
R i ( V G )  = R p  + - -  R s (VG)  = Rp + Rch (VG) [30] 
W 
where  Rs is the  sheet  resis tance of  the undep le ted  mater ia l  
(be tween wd and d) unde r  the  gate of length  CG, By plot- 
t ing Ri vs. Cat at a g iven  V~, both Rp and Rs (VG) can be cal- 
culated. An example  is g iven in Fig. 10 and it is seen that  
Rp is near ly  constant ,  as it should  be by definition. The t rue  
mobi l i ty  profile, wi thou t  parasi t ic-resis tance effects, can 
n o w  be calculated and is shown in Fig. 11 for this particu- 
lar case. 
A final p rob lem is that  of  gate  current ,  which  is d rawn at 
the  high forward biases necessary  to profile close to the  
surface  (cf. Eq. [27]). This p rob lem has also been  dealt  wi th  
(13) and the  effects of  the  correct ion are shown in Fig. 11. 
Magnetoe lect r ic  Experiments in Heterostructure 
Mater ia ls  and Devices 
Exac t ly  the  same kinds  of exper iments  as d iscussed ear- 
l ier can be pe r fo rmed  on he te ros t ruc ture  materials  and de- 
vices.  However ,  the  in terpreta t ions  can be significantly 
different,  main ly  because  (i) conduc t ion  can occur  in sev- 
eral different  bands  and layers (it) the  energy  levels  and 
shapes  of  the  bands  themse lves  depend  on the  free-charge 
density,  and (iii) q u a n t u m  effects are also important .  
These  p h e n o m e n a  are i l lustrated in Fig. 12 which  shows 
the  band d iagram for modula t ion-doped  A]GaAs/GaAs 
he te ros t ruc tu re  mater ia l  but  would  also apply  to m a n y  
other  he te ros t ruc ture  pairs. The idea of modu la t ion  dop- 
ing is that  donors  are placed in the  h igh-bandgap mater ia l  
(A1GaAs), but  the  free e lectrons t ransfer  to the  low- 
bandgap  mater ial  (GaAs) which  has a h igher  e lec t ron affin- 
ity. Because  the  low-bandgap mater ia l  is undoped  and the  
paren t  donors  are separated f rom the  free electrons,  the  
e lec t ron  mobil i t ies  and saturat ion veloci t ies  can be very  
high. (Over 5 • 106 cm2/V-s has been  ach ieved  at 2 K (14).) 
Thus,  fast F E T s  (MODFETs) can be designated.  
The  electrons t ransferr ing to the GaAs bend the bands  
down,  and since a barrier  a l ready exists  due  to the  con- 
duc t ion  band discont inui ty,  a t r iangular  well  of  approxi-  
mate  wid th  ~ is formed.  The electrons in this well  have  
two-d imens iona l  character  because  they  are bound  in the  z 
d i rec t ion  and will reside in subbands  wi th  energies  E0, El, 
E2, etc.; however ,  these  energies,  their  concomi t an t  wave  
funct ions,  and the  relat ive concent ra t ions  of  e lect rons  will  
d e p e n d  on the  total  sheet  e lectron concent ra t ion  n~ and 
thus  on the  gate  vol tage V~ which  controls  n~. F r o m  these  
considerat ions,  it is clear  that  the  charge-control  p rob lem 
(ns vs. VG) must  be  solved self-consistently,  inc lud ing  a so- 
lu t ion  of  Schroed inger ' s  equa t ion  in the  well  region and a 
solut ion of  Poisson 's  equa t ion  in both regions. Such  calcu- 
lat ions have  been  carried out  by several  groups  and good 
analyt ical  approx imat ions  are also available. However ,  the  
s imple  deple t ion  approx imat ion  appl icable  to M E S F E T s  
is no longer  valid, because  the sample  cannot  be spli t  into 
two regions,  one comple te ly  devoid  of  e lectrons and the  
o ther  hav ing  an equ i l ib r ium dens i ty  of  e lect rons  (with 
only the  posi t ion of  the  border  be tween  the  two regions 
be ing  affected by the gate voltage). Instead,  the  current  
parallel  to the  interface can be conduc ted  in two different  
regions,  the  A1GaAs and GaAs, and in several  different  
V G VG V G 
L 2 -  " " 
"I[GII~" I~*~G2"~ active layer t~--eG3"~ 
substrate 
Z ~  
Fig. 8. The conduction-band energy diagrams for a metal/semicon- 
ductor interface at two different gate biases, 0 and VG, where VG is 
negative here. Note how the depletion width wd increases as reverse 
bias is increased. 
Fig. 9. A "gated-TLM" test pattern. By taking resistance R readings 
between successive pairs of ohmic contacts at a given VG and plotting R 
vs. e~, both the parasitic resistance Rp and sheet resistance R, under 
the gate can be determined at the given VG. By varying VG, profiles of R, 
may be obtained. 













Fig. 10, Actual R:~ and RD vs. VG data from GaAs MESFET material as 
determined from a gated TLM pattern. Here Rr is the channel resist- 
ance of a 10 • 100 ~m gate MESFET. Reproduced by permission of 
The American Institute of Physics. 
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Fig. 11. The uncorrected and corrected (for gate current) mobility t~ 
profiles in a 50 • 400 t~m gate GaAs MESFET, as measured by the 
GMR technique. Also shown is the carrier concentration n profile, as 
measured by C-V. Reproduced by permission of The American Institute 
of Physics. 
bands in the GaAs. We therefore must include multiband 
and multilayer effects in the Hall-effect and GMR 
analyses. 
Hall  effect in heterostructures.--The v o l u m e  e lec t ron 
concentra t ions ,  especial ly  in the  subband  region, will  be 
s t rong funct ions  of  posit ion,  and therefore  it is m u c h  sim- 
pler  to deal  wi th  the  sheet  e lec t ron concent ra t ions  n,~, 
where  i denotes  the  re levant  band. Of course,  by  doing this 
we are g iv ing up any hope  of  "profi l ing," e i ther  of  carrier  
concen t ra t ion  or mobil i ty.  I f  z is the  direct ion perpendicu-  
lar to the  surface, then  the  currents  I= and Iy can be  wr i t ten  
en,~F~ en,i~i2B 
= E,  ~ 1 + b~i2B2J [31] W E x ~  1 + p, i2B 2 
ensil~i2 B ensiP.~ 
= - - + E ~  1 I ,  w E~ ~ 1 + ~2B2 + I~i2B2J [32] 
metal ~ n + AIxGa ~_xAs = ', = ~ ', = GaAs 
l \ u nd+~ 
++k~ ,  AIxGa 1 .xAS 
e~B + \  
l § : ' + + + ' ~ .  . . . . .  v ~ +  I / E c (z} 
-e~G - E  F * * +-** * * - + : - - E E J 0 ~  . . . .  
0 -  
I I I I 
-d - d s 0 
Z--~- 
Fig. 12. The conduction-band energy diagram for an AI~Gal_~As/ 
GaAs MODFET with an undoped spacer of width d,. Note how the ion- 
ized donors, denoted by "+",  are separated from the electrons in the 
GaAs subbands, denoted by ".". The typical well dimension 5 is about 
80~,. 
where  it is a s sumed  that  E= and Ey are cons tant  and that  
the  e lect rons  are degenera te  for simplici ty.  Then,  the  Hall  
mobi l i ty  will  be g iven by 
nsi~ti 2 
E~ Iy=o - ~ 1 + gti2B 2 ' ~ ns1~12 [33] 
~H --= E ~  E n s i ~  B --~ 0 E n~il~i 
1 + 1~2B 2 
The  conduc tance  at B = 0, Go, is calculated f rom 
Ix B=o -- W Ix B=O W G o = - ~  e Ex = ~  - 2  enSit~i [34] 
Even  for two bands  the n u m b e r  of  u n k n o w n s  is four, and 
more  in format ion  is needed.  S to rmer  et al. (15) used  Shub-  
n ikov-de  Haas oscil lat ions to get  no and nl, and then  could  
solve for ~0 and ~1. Ano the r  way  is to measure  P.H as a func- 
t ion B and then  fit Eq. [33] wi th  Eq. [34]. 
An impor tan t  p rob lem in he te ros t ruc ture  FETs  is the  ex- 
i s tence of  parallel  conduct ion,  i.e., conduc t ion  f rom low- 
mobi l i ty  e lectrons in the  A1GaAs. This p rob lem is espe- 
cially acute  in power  devices  for which  the  gate  vol tage is 
subjec t  to large  swings,  even  into the forward-bias  region. 
Equa t ions  [33] and [34] are adequa te  to analyze this situa- 
t ion wi th  one of  the  nsi's deno t ing  the  sheet  carr ier  concen-  
t ra t ion in the  A1GaAs. However ,  there  now exists  a subt le  
complicat ion,  because  at each vol tage contact ,  currents  
will  have  to flow be tween  the  layers to main ta in  that  con- 
tact  at a single potential .  This s i tuat ion has been  discussed 
by Syphers  et al. (16). 
T L M  analysis  in heterostructures.--The s imple  TLM ex- 
press ion  (Eq. [24]) relat ing the contac t  res is tance Re to the  
specific contac t  resist ivi ty Pc becomes  m u c h  more  compli-  
ca ted  w h e n  there  are two layers involved,  because  current  
m i x i n g  be tween  the  layers in t hem is possible,  both  in the  
reg ion  under  the  contacts  and in the  bulk  region be tween  
the  contacts.  The two re levant  layers in the  heteros t ruc-  
ture  are the  GaAs, nex t  to the  interface,  and the  neutra l  re- 
g ion in the  A1GaAs. It  has been  shown that  the  use of  the  
s tandard,  single-layer mode l  can lead to signif icant  error  in 
po in such cases (17, 18). Here  the  magnet ic-f ie ld depend-  
ence  can be qui te  va luable  in de te rmin ing  the  correct  pa- 
rameters  (18). For  example ,  in Fig. 13 is shown the  ~ vs. T 
curves  for both the  bu lk  region and the region under  the 
contacts  de te rmined  by a two-layer  magne to -TLM analy- 
sis. The  lower  curve  suggests  that  the  mater ial  unde r  the  
contac t  retains two-d imens iona l  character ,  in spite of  con- 
tac t -e lement  diffusion. 
Geometric magnetoresistance in heterostructures.--To 
apply  the  GMR concepts  in M O D F E T  structures,  we solve 
Eq. [31] and [32] under  the boundary  condi t ion  Ey = 0. Then  
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Fig. 13. The temperature dependences of the bulk mobility ~ (be- 
tween the contacts) and the mobility I~ of the material in the well re- 
gion under the contacts. Note that both regions show classical two- 
dimensional I~ vs. T behavior. Reproduced by permission of The Electro- 
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Fig. 14. The measured GMR-differential mobilities ~o, at B = 9 and 
18 kG, and the subband mobilities ~o and I~1, obtained by fitting the 
data. 
it can be shown (4) that an "average" mobility can be de- 
fined in analogy to Eq. [22] as 
nsi~i  3~ 
E - -  
2 = 1 I-G0 1 1 + p.i2B 2 
~A - ~ I-:-= - 1 j  - [ 35 ]  
LL~B nsi~i  
1 + ~2B2 
and a "differential" mobility in analogy to Eq. [28] as 
~i 3 
+ ~i2B 2 1 IhGo_  E C i ]  - 
~ 2 _ = ~  LAGs 1 - ~i [36] 
Ci 1 + ~i2B2 
where C, is the capacitance due to the i ~ band, and it has 
been assumed that d~i/dVG = O. Some results for ~D VS. VG 
and the fitted I~0 and t~1 are shown in Fig. 14. The curve for 
~0 is probably fairly accurate, because most of the elec- 
trons are in the lowest subband, while that for t~1 is only 
rough. 
Other uses of  a magnetic f ield.--Two relatively recent in- 
novations in magnetoelectric characterization include 
Hall-current profiling (19) and Hall-DLTS (20). The former 
makes use of the fact that, although the Hall electric field is 
shorted out in a FET-type structure, a Hall current Iy will 
exist and can be detected if either the source or drain is 
split, as is the case for some RF-designed devices. How- 
ever, the Hall currents tend to be relatively small and at 
present it is unknown how useful this technique will be. 
The Hall-DLTS technique (or Hall-effect transient spec- 
troscopy) is based on the time constant of the transient in 
the Hall voltage which results after a light pulse has pro- 
duced nonequilibrium carriers. The type of the excess car- 
riers, electrons or holes, can be. determined from the sign 
of the Hall voltage. An advantage over capacitance-DLTS 
is that no Schottky barrier is needed, while a disadvantage 
is that a magnetic field is required. Again, it is too early to 
tell if this technique will become widely used. 
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